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ABSTRACT
We use an N-body+smoothed particle hydrodynamics simulation of an isolated barred galaxy to study the
age dependence of bulge longitudinal proper motion (µl) rotation curves. We show that close to the minor
axis (|l | ∼ 0◦) the relatively young stars rotate more rapidly than the old stars, as found by Hubble Space
Telescope in the Milky Way’s bulge. This behaviour would be expected also if the Milky Way were unbarred.
At larger |l | a different behaviour emerges. Because younger stars trace a strong bar, their Galactocentric radial
motions dominate their µl at |l | ∼ 6◦, leading to a reversal in the sign of 〈µl〉. This results in a rotation curve
with forbidden velocities (negative 〈µl〉 at positive longitudes, and positive 〈µl〉 at negative longitudes). The
old stars, instead, trace a much weaker bar and thus their kinematics are more axisymmetric, resulting in no
forbidden velocities. We develop metrics of the difference in the 〈µl〉 rotation curves of young and old stars,
and forbidden velocities. We use these to predict the locations where rotation curve reversals can be observed
by HST and the Vera Rubin Telescope. Such measurements would represent support for the amplitude of the
bar being a continuous function of age, as predicted by kinematic fractionation, in which the bar strength
variations are produced purely by differences in the random motions of stellar populations at bar formation.
Key words: Galaxy: bulge – Galaxy: evolution – Galaxy: kinematics and dynamics – Galaxy:
structure
1 INTRODUCTION
More than half of the galaxies in the local Universe host a
bar (Eskridge et al. 2000; MenendezâĂŘDelmestre et al. 2007;
Barazza et al. 2008; Aguerri et al. 2009; Gadotti 2009). Bars play
an important role in driving the dynamics and structural proper-
ties within the central regions of galaxies via secular processes,
including the formation of bulges (see the review by Kormendy
2013). Two bar-driven processes can vertically thicken a bar. The
higher radial velocity dispersion due to orbital motion along the
bar’s major axis makes the bar susceptible to the buckling insta-
bility (Raha et al. 1991; Merritt & Sellwood 1994; Debattista et al.
2006; Martinez-Valpuesta et al. 2006; Collier 2020; Łokas 2020).
The buckling instability causes the bar to thicken very rapidly.
The second mode of vertical thickening is via the trapping of or-
bits on vertical resonances (Combes & Sanders 1981; Combes et al.
1990; Pfenniger & Friedli 1991; Skokos et al. 2002; Quillen 2002;
Quillen et al. 2014; Debattista et al. 2006). This symmetric form of
vertical thickening has recently been demonstrated explicitly in N-
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body simulations (Sellwood & Gerhard 2020). Unlike the buckling
instability, heating by orbit trapping is a slow process.
In both mechanisms, the resulting bulge morphology is boxy
or peanut-shaped. Such bulges are commonly referred to as
boxy/peanut (B/P) or X-shaped bulges. Stronger features can appear
as an X-shape when the bar is viewed edge-on, with its major axis
perpendicular to the line of sight (LOS) (Athanassoula & Misiriotis
2002; Athanassoula 2005). B/P bulges appear in up to 80 per
cent of local high mass (i.e. those with characteristic stellar mass
log (M?/M) & 10.4) barred galaxies, a fraction which declines
rapidly at lower masses (Erwin & Debattista 2017). This character-
istic mass appears to have remained unchanged since redshift z ∼ 1
(Kruk et al. 2019).
The in-situ separation of different populations within a B/P
bulge as presented in Debattista et al. (2017) demonstrates that co-
spatial populations with varying initial radial velocity dispersions
evolve separately in a growing bar. As a result, kinematically cooler
populations form a strong bar and strongly peanut-shaped bulge,
whereas hotter populations form a weaker bar, and are more ver-
tically heated. They termed this process kinematic fractionation.



































2 Gough-Kelly et al.
and metallicity during bar formation then result in gradients de-
veloping in the final morphology of the B/P bulge and bar (see
also Fragkoudi et al. 2018; Debattista et al. 2019). Gonzalez et al.
(2017) demonstrated that the metallicity distribution of NGC 4710
is more peanut-shaped than the density, as predicted by kinematic
fractionation. An alternative mechanism for producing a vertical
metallicity gradient relies on the transition between a metal-rich
thin disc and a metal-poor thick disc (Bekki & Tsujimoto 2011;
Di Matteo 2016). This led Di Matteo et al. (2019) to argue that, in
addition to the radial velocity dispersions, the vertical dispersion
also played a key role in the vertical thickening of populations.
However, Debattista et al. (2020) showed vertical thickening is a
monotonic function of the initial radial action of a given stellar pop-
ulation. Consequently, a thick disc can produce a vertical gradient
largely because it has a higher radial velocity dispersion.
The Milky Way (MW) is now understood to host a B/P bulge.
Early evidence for this shape was the bimodal density distribu-
tion of red clump stars in the bulge (McWilliam & Zoccali 2010;
Saito et al. 2011) along the line of sight to the Galactic centre.
This bimodality is produced by the two arms of an X-shape. This
structure can be seen directly in the infrared by observing to-
wards the Galactic centre withWide-field Infrared Survey Explorer
(WISE) (Ness & Lang 2016). Various lines of evidence for kine-
matic fractionation having occurred in the MW have been obtained.
Ness et al. (2012) demonstrated that the double red clump is only
traced by metal-rich stars, which was later confirmed with data
from Gaia-ESO DR1 and VISTA Variables in Via Lactea (VVV,
Rojas-Arriagada et al. 2014) and more recently by Lim et al. (2021)
in the Blanco DECam Bulge Survey (BDBS). The behaviour of
the red clump is the Solar-perspective equivalent of the strongly
peanut-shaped metallicity distributions found in external galaxies.
Zoccali et al. (2017) showed that the 3D density distributions of
MW metal-rich and metal-poor stars are boxy and spheroidal, re-
spectively. Catchpole et al. (2016) demonstrated an age dependence
of the bar strength by considering Mira variables of different peri-
ods, showing that the youngerMiras trace a stronger bar. Grady et al.
(2020) also found a similar dependence of bulgemorphology on stel-
lar age, with the youngest Miras showing a strong bar with a peanut
distribution, which is not seen in the oldest stars. Grady et al. (2020)
estimated that the bar formed ∼ 8 − 9 Gyr ago, roughly 5 Gyr after
the MW formed.
Kinematic studies of the bulge have shown indications of bar
streaming motions at low latitudes in both LOS velocities and
proper motions (Babusiaux et al. 2014). The correlation between
the two components, as measured by vertex deviation, indicates
the presence of elongated stellar orbits (Babusiaux et al. 2010;
Hill et al. 2011; Vásquez et al. 2013). Measurements of the ver-
tex deviation in Baade’s Window show clear non-zero values in
metal-rich stars, indicating their stronger bar structure (Portail et al.
2017; Debattista et al. 2020). The dependence of bulge kinematics
on chemistry is also seen in the radial velocity dispersion. Metal-
rich stars have lower dispersion than metal-poor stars (Zoccali et al.
2017) except close to the plane (b . 1◦), which has been attributed
to the central density peak observed by Valenti et al. (2016). The
radial velocity dispersion of metal-rich stars decreases steeply away
from the centre whereas the gradient in metal-poor stars is much
shallower (Kunder et al. 2012; Ness et al. 2013b). For a review of
the chemodynamics of the MW bulge, see Barbuy et al. (2018) and
references therein. These kinematic differences have been inter-
preted as further evidence of kinematic fractionation in the bulge
(Debattista et al. 2017, 2019), although the metal-poor stars require
a contribution from the stellar halo to explain the observations com-
pletely.
Clarkson et al. (2018, hereafter C18) studied proper motions in
the well-observed Sagittarius Window Eclipsing Extrasolar Planet
Search (SWEEPS) field (see also Sahu et al. 2006; Clarkson et al.
2008) imaged by the Hubble Space Telescope (HST). C18 used
proper motions calculated by Calamida et al. (2014) from observa-
tions collected over a 10-year baseline with the Advanced Cam-
era for Surveys Wide Field Camera (ACS/WFC) onboard HST
and derived photometric parallaxes for main-sequence stars. They
also used photometry from the Bulge Treasury Survey (BTS,
Brown et al. 2010) to tag photometric metallicities to the stars
within the field, allowing them to construct a metal-rich and a
metal-poor population of main-sequence stars. They found that the
longitudinal proper motion rotation curves (i.e. 〈µl〉 as a function
of distance) were distinct for the two populations. Metal-rich stars
exhibited larger amplitude proper motions, with a steeper gradi-
ent through the zero point in distance (approximately the Galactic
centre). C18 suggested that this could be the signature of orbital
differences as predicted by kinematic fractionation.
Proper motion rotation curves therefore have the ability to
constrain the different kinematic states of bulge populations, and
therefore the formation of the bulge. The study of C18 represents a
deep "pencil-beam" along a single LOS close to the bulge’s minor
axis, but provides little insight into how the proper motion rotation
curves vary across the entire bulge. Therefore in this paper we
explore the trends expected for proper motion rotation curves of
different populations in the bulge. We study the proper motions in
a star-forming simulation which forms a B/P bulge to predict and
interpret trends in the rotation curves across the MW’s bulge. The
model we use is the same as that in Debattista et al. (2017) which
they showed had experienced kinematic fractionation. Therefore our
study will predict the expected trends for proper motion rotation
curves if this mechanism has been the main process responsible for
the distribution of the MW’s stellar populations.
The paper is organised as follows. We describe the model used
in this study in Section 2. In Section 3 we explore the separation of
rotation curves in the SWEEPS field along with a metric we define
for quantifying the separation amplitude and present an interpre-
tation of the observed trends with galactocentric velocity maps. In
Section 4 we explore the SWEEPS field in greater detail and com-
pare our results with MW observational data to test the robustness
of our separation amplitude measurement. We also provide predic-
tions for the rotation curves in key lines of sight within the MW
bulge. In Section 5 we explore how galactocentric velocities project
onto longitudinal proper motions and define a second measurement
of kinematic separation between populations. Section 6 presents
our comparison to a second model with a weaker bar and B/P. Fi-
nally, in Section 7, we discuss the implications of our findings and
predictions for future work.
2 SIMULATION
We analyse a high-resolution N-body+smoothed particle hydrody-
namics (SPH) star-forming simulation which forms a barred spi-
ral galaxy from a hot gas corona embedded in a live dark mat-
ter halo. The model has been described numerous times in earlier
works where it has been compared to both the MW and external
galaxies (Cole et al. 2014; Gardner et al. 2014; Ness et al. 2014;
Gonzalez et al. 2016, 2017; Debattista et al. 2017). Debattista et al.



































MW Bulge Proper Motions 3
ation, and has different bulge (and bar) properties for older (metal-
poor) and younger (metal-rich) populations. The resulting trends
are comparable to those seen in the MW.
The initial conditions are comprised of a hot gas corona inside
a dark matter halo. The dark matter halo is comprised of 5 million
particles having a force softening of ε = 103 pc, virial radius r200 =
198 kpc and virial mass M200 = 9.0 × 1011 M . The gas corona
consists of 5million gas particleswith a force softening of ε = 50 pc.
The gas corona has angularmomentum Lz ∝ Rwith spin λ ≈ 0.041.
The simulation is evolved using the N-body+SPH code gaso-
line (Wadsley et al. 2004) with a base time step of 10 Myr. The
gas in the corona cools and settles to the centre forming a disc. The
formation of a stellar particle happens when gas reaches densities
greater than 100 amu cm−3 with a temperature of T < 15, 000 K.
10% of gas in this state forms stars with 35% the mass of the initial
gas particles, corresponding to ≈ 9.4×103 M . Gas particles in this
state will continue to trigger star formation until their mass falls to
below 21% of their initial mass. Then the remaining mass is redis-
tributed to its nearest neighbours, and the gas particle is removed.
Each stellar particle is a representation of a Miller & Scalo (1979)
initial mass function. Feedback from type Ia and type II supernovae
ismodelled using the blastwave prescription of Stinson et al. (2006).
Stellar winds of asymptotic giant branch stars using the theoretical
yields for iron and oxygen from Woosley & Weaver (1995) also
enrich the interstellar medium. This simulation does not include
the diffusion of metals between gas particles (Loebman et al. 2011)
producing the undesirable effect of forming low metallicity stars at
all ages, broadening the metallicity distribution.
After 10 Gyr of evolution ∼ 11 million star particles have
formed, with a total mass of ∼ 6.5 × 1010 M . The resulting disc
has a scale length Rd ≈ 1.7 kpc (Cole et al. 2014). The bar forms
between 2 − 4 Gyr, after which it continues to grow secularly. We
define the bar radius, rbar , as the mean of the radii where the
amplitude of m = 2 Fourier moment reaches half its peak value
(Debattista & Sellwood 2000) and that where the m = 2 phase angle
changes by 10◦ from constant. At 10 Gyr, rbar ∼ 3 kpc (Cole et al.
2014).
2.1 Comparing with the Milky Way
As shown by Debattista et al. (2017) this model provides insights
into trends in the MW, and makes predictions which can be tested
against current and future observations. By scaling the t = 10 Gyr
timestep as in Debattista et al. (2017), we can produce a bar of about
the right size with roughly the correct kinematics. Here we describe
how we scale the model and qualitatively compare to the MW.
We spatially scale up the simulation by a factor of 1.7, in
line with recent measurements for the MW’s bar length, rbar =
5.0 ± 0.2 kpc (Wegg et al. 2015). After rescaling, the model’s bar
length is rbar = 4.85± 0.55 kpc. The velocities are scaled by 0.48 to
match the velocity dispersion in the MW bulge (see Debattista et al.
2017). We place the observer at 8 kpc from the galactic centre in the
mid-plane with the bar aligned to 27◦ from the line of sight (LOS) of
the observer to the galactic centre (Wegg & Gerhard 2013;Qin et al.
2018), with the near side of the bar at positive longitude.
In order to increase our resolution in the bulge region, we
assume the simulation to have mid-plane symmetry; therefore we
project stars below the plane onto above the plane with an inverted
vertical velocity (z′ = −z; v′z = −vz , for z < 0). We then calculate
galactic longitude, latitude and LOS distance (l, b,D) along with
longitudinal proper motions (µl) for each star from the solar per-
spective, in the Galactic rest frame. Coordinate transformations in
this work were computed using the Python package galpy (Bovy
2015).
We define the bulge region as follows: |l | ≤ 20◦, 2◦ ≤ |b| ≤
10◦ and 6 ≤ D/ kpc ≤ 10. This is larger than previous studies
which usually constrain longitude to |l | < 10◦. Considering that
the bar is inclined by 27◦, at l = +20◦ we sample ∼ 3.5 kpc along
the near side of the bar encapsulating a larger extent of the B/P
component. Our range is also larger than the proposed footprint
of the Vera Rubin Observatory, Legacy Survey of Space and Time
(LSST) bulge observations allowing for predictions for this and
additional future survey missions (see Section 7.1).
The lack of chemical mixing in this model results in an excess
of stars with lowmetallicities at all ages. Debattista et al. (2017) cir-
cumvented this problem by considering stellar populations defined
by age, rather than bymetallicity. Likewise, here we also define pop-
ulations based on stellar ages. The cumulative distribution of ages
within the model’s bulge is shown in Fig. 1. Using this distribution,
we define a young population as those stars with age < 7 Gyr (mean
age = 5.8 Gyr) and an old population with stellar ages > 9 Gyr
(mean age = 9.6 Gyr). This results in a sample of 361 131 relatively
young stars and 1 341 922 old stars within our defined bulge region,
representing 14% and 51% of all bulge stars respectively. Since the
simulation was run for only 10 Gyr the majority of ages are lower
than would be expected for the MW; nonetheless the ordering of
the stellar ages would remain intact. These age ranges allow us to
qualitatively compare the simulation with populations separated by
metallicities in the SWEEPS field (Bernard et al. 2018) and theMW
bulge in general. We also note that the distribution of ages in this
model is consistent with the picture of a largely old bulge in the
MW (Kuijken & Rich 2002; Zoccali et al. 2003; Brown et al. 2010;
Clarkson et al. 2008, 2011; Valenti et al. 2013; Renzini et al. 2018)
as discussed in Debattista et al. (2017). Themodel also has a similar
fraction of stars younger than 5 Gyr observed in the MW (∼ 3% of
the bulge population Renzini et al. 2018). While we refer to a young
population in the model’s bulge, we mean this in a relative sense:
even excluding that the model is only evolved for 10 Gyr, a large
majority of the young stars are old with ∼ 50% of them formed
during the bar’s formation.
We verify that the vertical structure of our rescaled model
is a reasonable analogue of the MW’s B/P bulge by considering
the variation of the distance bimodality as a function of latitude,
as viewed from the Sun. In particular, we consider the double red
clump (RC) as a function of latitude. Following the similar pre-
scription of Gonzalez et al. (2015) and Debattista et al. (2017), we
assume that the RC stars follow the same density as the model
in general. We therefore set the absolute magnitude of all stars to
the average of the RC, MK = −1.61, and convert this to apparent
magnitudes, mK , based on their distance from the solar position
(8 kpc). We then convolve each mK with a Gaussian kernel of
σ = 0.17 mag. to approximate the width of the RC magnitude
distribution (Gerhard & Martinez-Valpuesta 2012). We present the
magnitude distribution of simulated RC stars split by our age cuts
in Fig. 2. The distribution of young stars is single peaked at |b| = 4◦
and bimodal above that, in agreement with the bimodality found
by Ness et al. (2012). The old population is single peaked at all
latitudes.
3 SEPARATION OF ROTATION CURVES
The combined field from SWEEPS+BTS data studied in
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2◦ ≤ |b| ≤ 10◦
5.75 ≤ D/kpc≤ 10.25
Figure 1. The cumulative distribution of ages within the model’s bulge
region at t = 10 Gyr. The spatial cuts used are given at top left. We define
the young (blue) and old populations’ (red) age cuts as 7 Gyr and 9 Gyr,
respectively. The mean ages for the two populations (vertical black dashed
















Figure 2. Unextincted apparent magnitude distributions of simulated red
clump stars along the LOS within |l | < 4◦ for |b | = 4◦ (left), 5◦ (middle)
and 6◦ (right) with δ |b | = 0.25◦. Young (age < 7 Gyr) and old (age
> 9 Gyr) stars are represented by the blue and red histograms, respectively.
The magnitude distributions have been convolved with a Gaussian of width
σ = 0.17 mag. to represent the width of the red clump. As in the Milky
Way, a bimodality is first evident at |b | ' 5◦.
(+1.26◦,−2.65◦). We compare the rotation curves of young and
old stars in the model’s equivalent of the SWEEPS+BTS field,
hereafter S-SWEEPS1. Although the model has a large number of
star particles, the overall number is still small compared to the real
MW; therefore our field of view (FOV) is increased to 30′ × 30′ to
increase the number of particles. As mentioned in Section 2.1, we
constrain our distance measurements within the bulge to between
5.75 kpc to 10.25 kpc. Taking bins along the LOS, we calculate the
mean longitudinal proper motion for young and old stars, 〈µl〉Y and





The rotation curve separation between the young and old popu-
lations is then simply ∆µl = 〈µl〉Y − 〈µl〉O in each bin and the
uncertainty, e∆µl , is propagated through addition in quadrature.
We explore the SWEEPS+BTS data using the same binning
1 We use the prefix “S-” throughout this paper to denote simulated equiva-
lents of observed HST fields.
as described above. The left panel of Fig. 3 presents the sample
from C18 (their figure 8), showing the average longitudinal proper
motion as a function of LOS distance for their metal-rich versus
metal-poor main sequence populations. The distances are estimated
from photometric parallax, using as reference the median distance
modulus (m − M)0 = 14.45 of the SWEEPS+BTS field main se-
quence (Calamida et al. 2014), which, taken literally, corresponds
to a physical distance of D0 = 7.76 kpc. This is the distance of
the median well-measured population that survives their kinematic
cut for bulge objects (µl < −2 mas yr−1), and thus naturally lies
closer to the observer than the Galactic centre. The offset between
the proper motion zeropoints µl = 0 in the two panels arises be-
cause the SWEEPS+BTS proper motions are measured relative to
the median well-measured (majority-bulge) stellar population in the
field of view (with median distance closer than 8 kpc; see C18 and
Calamida et al. (2014) for more on this issue), whereas for our sim-
ulated samples, µl = 0 at the Galactic centre by construction. This
offset in proper motion zeropoint does not impact our results in any
way.
The identification of photometric parallax with physical dis-
tance gains some support when we consider the distance at which
the “metal-rich” and “metal-poor’ rotation curves cross, which
is approximately the same as the recent measurement of the
Galactic centre distance by the GRAVITY experiment, at R ≈
8.156−8.308 kpc (Gravity Collaboration et al. 2019, 2021), shown
as the green shaded region in the left panel of Fig. 3.
The rotation curves from the S-SWEEPS field are shown in
the right panel of Fig. 3. For both the simulation and observations
we show the rotation curve separation, ∆µl below each panel. In
both the young and old populations, |〈µl〉| rises on either side of
the galactic centre. The peak value of |〈µl〉| on the near side is
larger than that on the far side, by a factor of about 2 for both
populations, which is expected because of perspective. The ratio
of peak amplitude of young stars to old stars is also ∼ 2. The
largest ∆µl is at ∼ 1 kpc from the galactic centre. These results are
qualitatively similar to those ofC18 for themetal-rich vs.metal-poor
main sequence populations shown in the left panel.
3.1 Separation amplitude
Given that the model matches the trends found by C18, we consider
the behaviour of the rotation curves of young and old stars across the
model’s bulge, to predict trends that can be tested in future studies.
The top panel of Fig. 4 shows, in Galactic coordinates (l, |b|),
the density distribution of stars in the two populations. The dis-
tribution of young population (blue contours) is more pinched at
high latitude, resembling a peanut, whereas the old population (red
contours) appears more boxy. The young stars are also more con-
centrated to the mid-plane, demonstrating there are fewer young
stars at higher latitudes, similar to the metallicity distributions
(Zoccali et al. 2017) and the distribution of long-period (young)
Miras (Grady et al. 2020) within the MW.
To quantify the separation between the young and old rota-
tion curves, we integrate the separation along the LOS, to obtain a
separation amplitude. Binned by distance, we define the separation
amplitude ξ, as the LOS integral of∆µl(D) = 〈µl〉Y (D)−〈µl〉O(D)
as:
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Figure 3. Left: Average longitudinal proper motion rotation curves for metal-rich and metal-poor main sequence stars of the SWEEPS+BTS field, centred
on (l, |b |) = (+1.26◦, 2.65◦) with a FOV of 0.05◦ × 0.05◦ (C18). The vertical green shaded region show the range of estimates of R from the GRAVITY
consortium. Right: Average longitudinal proper motion rotation curves for young and old stars, and the separation between them, of the simulated S-SWEEPS
field, centred on (l, |b |) = (+1.26◦, 2.65◦) with a FOV of 0.5◦ × 0.5◦. The number of star particles in each population is listed in the legends.
ξ has units of kpc ·mas yr−1. We set d1 = 6 kpc, d2 = 10 kpc
respectively as the limits of the model’s bulge region.
We map ξ across the entire bulge of the model, using fields of
1◦ × 1◦. This represents a much larger FOV than those sampled by
deep bulge fields in the MW, but is necessary to attain reasonable
particle numbers at higher latitudes. For each (l, |b|) bin, we repeat
the analysis applied to the S-SWEEPS field, producing 〈µl〉 rotation
curves for the young and old populations using the same binning
along each LOS.
The middle panel of Fig. 4 shows a map of ξ(l, |b|) for the
model. We focus on the region |b| > 2◦ to avoid the thin disc and
the nuclear disc found below this latitude in our model (Cole et al.
2014; Debattista et al. 2015, 2018). Along the minor axis, |l | .
5◦, ξ is mostly positive up to large latitudes with relatively low
amplitudes, 0 < ξ/ kpc ·mas yr−1 < 0.5. These rotation curves
have qualitatively similar separation profile to the S-SWEEPS field
(Fig. 3) which is more or less anti-symmetric with distance from
the galactic centre, resulting in relatively small ξ values. The small
positive values of ξ on the minor axis arise largely because of
perspective.
Aswe showbelow, some rotation curves of fields away from the
minor axis are not anti-symmetric, resulting in separation profiles
that are everywhere positive or negative; for these rotation curves,
ξ will be larger. Almost all fields with longitudes l < 5◦ have
positive ξ values, whilst for longitudes l > 5◦ ξ has mostly negative
values. Away from the minor axis, there is a slight vertical gradient
with higher amplitude ξ values at low latitude which decreases with
increasing latitude.
The number of young stars decreases rapidly with increasing
height, and above |b| & 8◦ some fields have too few young stars to
measure a reliable rotation curve. We calculate the uncertainty of
the separation amplitudes, eξ , for each field as:








where δD = 0.5 kpc is the bin width.
The distribution of eξ , presented in the bottom panel of Fig. 4,
loosely traces the density distribution of young stars (blue contours
in the top panel), highlighting that the number of star particles along
a LOS is a limiting factor in this measurement. The uncertainties
are lowest on the minor axis and on the near side of the bar.
3.2 Galactocentric velocities
In order to interpret the ξ map, including the asymmetries be-
tween positive and negative longitudes, we consider the difference
in the bulge’s intrinsic (galactocentric cylindrical) kinematics, i.e.
the galactocentric radial velocity, vR and galactocentric tangential
velocity, vφ . Fig. 5 first presents the vertically-averaged heliocentric
longitudinal proper motions for the bulge’s young and old popula-
tions in the (X,Y ) plane, along with the corresponding galactocen-
tric cylindrical velocities. We only consider stars in the vertical
slice 0.5 < |z |/ kpc < 1.0, equivalent to 4◦ < |b| < 7◦ at 8 kpc, to
avoid the effect of the nuclear disc as discussed in Section 3.1 and
regions where the uncertainty in ξ is largest. The left and middle
columns of Fig. 5 show the velocity distributions of the young and
old populations respectively. The right column shows the difference
between the young and old velocity distributions.Within each panel,
a thick black contour traces the zero amplitude line of each velocity
component and where the difference between populations is also
zero. The density of the two populations, indicated by the yellow
contours in the left and middle panels, shows that the young stars



























































































Figure 4. Top: Fractional distribution of young to old stars within the bulge of the model. Blue and red contours follow young and old population densities,
respectively. Middle: Separation amplitude, ξ , for each pixel representing a 1◦ × 1◦ field. Bottom: Uncertainty on ξ for each field. In the bottom two panels,
the yellow contours follow the density of all bulge stars. Black pixels are fields for which ξ could not be measured reliably.
side of the galactic centre. The peaks are the lower layer of the X-
shape in the B/P bulge, as also seen in the MW (Sanders et al. 2019,
their figure 19). The old population, instead, is considerably less
elongated, supporting only a weak bar, as shown by Debattista et al.
(2017).
Panels (a) and (b) show that as a result of the much stronger bar
in the young population, their average heliocentric proper motions
(〈µl〉Y ) exhibit a stronger longitudinal variation relative to the Sun
than those of the old stars. The 〈µl〉Y distribution has two high
amplitude regions along the l = 0◦ direction, 1 kpc in front of, and
1 kpc behind the galactic centre. The black contour in the 〈µl〉Y
profile is twisted towards the bar major axis, away from the d =
8 kpc line, unlike the 〈µl〉O = 0 contour which traces the 8 kpc line
more closely at central longitudes. Fig. 5(c) shows the difference
in the distribution of 〈µl〉 between the two populations. This panel
shows that most of the signal in∆〈µl〉 comes from regions where the
amplitude of 〈µl〉Y peaks, close to l = 0◦. The near peak has a tail
towards negative longitude whereas the far peak has a tail to positive
longitude. A field close to the minor axis will intersect both the near
and far peaks of ∆〈µl〉 which have positive and negative values
respectively, resulting in ξ ∼ 0. From the (X,Y ) perspective we can
see that lines-of-sight away from the minor axis only intersect one
of these ∆〈µl〉 peaks, and therefore have larger |ξ | values.
We then turn to the intrinsic kinematics in galactocentric cylin-
drical coordinates, which is the natural frame of the bar, removing
the effects of perspective. In the middle row of Fig. 5 we present the
distributions of galactocentric radial velocity, 〈vR〉. The young pop-
ulation (panel d) exhibits a quadrupole pattern, with zero velocity
lines (black contours) aligned with the bar major and minor axes.
The amplitude of 〈vR〉 peaks at ∼ ±45◦ relative to the bar indicating
bar-aligned motions along either side of the galactic centre. The old
population has no quadrupole pattern and near-zero 〈vR〉 values,
reflecting its weaker bar morphology. The resulting difference map,
∆〈vR〉 (panel f), therefore also has a strong quadrupole pattern.





. For the old population (panel









Y distribution (panel g), is elongated more
strongly whilst also exhibiting a complex inner structure. The lower
levels of the X-shape, identified by the density contours, coincide




positioned approximately 3 kpc along the







































































































































































































































































































































Figure 5. Average velocity fields in the (X,Y) plane for stellar particles at 0.5 < |z |/ kpc < 1.0. The left column presents the kinematics of the young
population while the middle column shows those of the old. The difference in the velocity fields between young and old stars is shown in the right column.
The top row shows heliocentric longitudinal proper motions, the middle row shows galactocentric radial velocities and the bottom row shows galactocentric
tangential velocities. Yellow contours follow log densities of the corresponding population. Black contours indicate where each velocity component equals
zero. White circular dashed lines outline distances 6 kpc, 8 kpc and 10 kpc, while the white straight dashed lines mark longitudes between 20◦ to −20◦ in 10◦





Y are along the bar’s minor axis, as expected
for streaming motions in a highly elongated population. Conse-










appear slightly beyond 2 kpc along the bar major axis, where the
young stars are reaching the apocenter of their elongated orbits and
the old population has comparable or larger velocities.
Taken as a whole, these differences in the intrinsic kinematics
are as expected for the two populations, one strongly tracing the
bar (the young one) and one that traces it weakly (the old one).
From the Solar perspective, the proper motion rotation curves are
then a position dependent combination of these two motions. The
differences between the velocity distributions can be understood
largely in terms of the different bar strengths, which themselves are
a result of the different random motions of stars at the time of the
bar’s formation (Debattista et al. 2017).
4 INTERPRETATION OF THE SWEEPS FIELD
We now explore the simulated S-SWEEPS field (Fig. 3) in greater
detail. Using Eqn. 2 we calculate the separation amplitude of the S-
SWEEPS field to be ξ = 0.05±0.48kpc ·mas yr−1, commensurate
with the regions surrounding this LOS in Fig. 4. We use the insight
derived from Fig. 5 to interpret this value in terms of the intrinsic
velocities and the resulting rotation curves. Furthermore we directly
compare our model with MW data to test the level of confidence of
our model as an approximation of the MW.
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S -SWEEPS (1.26◦, 2.65◦)
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(left) and 〈vR 〉 (right)





and galactocentric radial 〈vR〉
velocities using the same distance bins as the rotation curves. Both




close to 8 kpc, increasing away





. In Fig. 5 we showed that the young population
has a stronger bar and kinematics consistent with elongated bar
orbits; the peaks of 〈vR〉 seen in the right panel of Fig. 6 support
this, and indicate stars moving away from the galactic centre. The
old population has low values of 〈vR〉 along the LOS, which reflects
their more axisymmetric distribution. These profiles show that the
differences in rotation curves between the young and old populations




and 〈vR〉 because only
the young population is strongly barred.
4.1 Monte Carlo simulation of Milky Way data
To compare the separation amplitude of the S-SWEEPS field with
observational data,we apply ourmethodology to the SWEEPS+BTS
data presented in C18. We note here that the populations within the
model represent the ends of the age distribution (see the coloured
regions in Fig. 1), whereas C18 split the photometric metallicity
distribution within their data using auto-GMM clustering. The es-
timated mean metallicities of the “metal-rich” and “metal-poor”
samples are [Fe/H]0 ≈ −0.24 and [Fe/H]0 ≈ +0.18 respectively
(see section 3.5 of C18). As a consequence of their methodology
and the nature of separating by metallicity, the age distributions of
their sub-samples may partially overlap.
We use the C18 data, which the authors used to produce their
Fig. 8, showing that metal-rich stars have higher amplitude 〈µl〉 ro-
tation curves than metal-poor stars. For their metal-rich and metal-
poor populations, we bin the data in distance following the prescrip-
tions in Section 3 and calculate the separation amplitude using the
same method as we used for the model.
To determine the effect of observational uncertainties on the
calculated values and the robustness of the uncertainty estimates
(eξ ), we run a Monte Carlo (MC) simulation of our separation
amplitude measurement. We assume that the uncertainty of the ob-
served longitudinal proper motion to be σµl = 0.08 mas yr−1 (Fig.
17 of C18). The photometric parallax used in the distance determi-
nation has an estimated uncertainty of 0.119 mag and 0.153 mag
for the metal-rich and metal-poor sample, respectively (Table 11 of
C18). For each run of the MC, we add random errors to the magni-
tudes and proper motions of each star in the SWEEPS+BTS sample,
assuming the error distributions are Gaussian.We then recalculate ξ
and eξ for each run. Our MC of 200,000 runs produces the distribu-
tions of ξ and eξ shown in Fig. 7. The mean separation amplitudes
and errors from the MC runs are 〈ξ〉 = 0.41 kpc ·mas yr−1 and






〈ξ〉 =0.41 [ kpc ·mas yr−1 ]
σξ =0.09 [ kpc ·mas yr−1 ]






〈eξ〉 =0.384 [ kpc ·mas yr−1 ]
σeξ =0.007 [ kpc ·mas yr−1 ]
Figure 7. Results of the Monte Carlo runs to calculate the separation ampli-
tude for the SWEEPS+BTS data from C18. Thick red lines show the mean
ξ and eξ values. Red dashed lines denote 1σ deviation. At this field, the









as in the model, however it is well constrained with a standard devia-
tion ofσeξ = 0.007kpc ·mas yr−1. The definition of eξ fromEqn. 3
corresponds to the sum in quadrature of the uncertainties for each
distance bin, where the uncertainty in each bin is given by the proper
motion dispersion and the number of stars in the bin. Since the num-
ber of stars within the whole distance range (5.75−10.25 kpc) does
not change substantially between MC iterations, and the µl uncer-




being well constrained, with
a small standard deviation.
Comparing the ξ values of the observational data to our model,
we can see that they agree within the uncertainty. Although this is a
comparison for a single field on the minor axis, it demonstrates that
ourmetrics can applied to observational data and themodel provides
a reasonable basis for comparing to theMW. For the SWEEPS+BTS
field, the profile is anti-symmetric resulting in a low value of ξ.
Our model has a value of ξ closer to zero and a larger associated
error than the MW data. We stress however, that there are many
differences between the observational and simulated measurements
so we limit our comparisons to qualitative trends.
4.2 Other Fields
We now expand our analysis to fields for which data are avail-
able from HST-BTS observations. The three remaining BTS fields
that can be used for a study similar to that of C18 are Stanek’s
Window, Baade’s Window and the OGLE29 field (Brown et al.
2010; Renzini et al. 2018).We explore comparable fields within our
model, which we refer to as S-Stanek’s Window, S-Baade’s Window
and the S-OGLE29 field. We also suggest three further regions of
interest, which sample areas of negative ξ away from the minor axis
and large latitude; we refer to these as Field A, Field B and Field
C. We increase the field size in regions of larger statistical uncer-
tainty, allowing us to sample sufficient number of star particles to
provide reasonable predictions. The on-sky positions and sizes of
each region of interest are shown in the top panel of Fig. 8. For each
field, we produce 〈µl〉 rotation curves, following the same method
as above. The results are presented in the bottom panels of Fig. 8.
The two BTS fields close to the S-SWEEPS field, S-Stanek’s
Window and S-Baade’s Window, only a few degrees apart, have
similar ξ values, with anti-symmetric profiles, as in the S-SWEEPS
field. Both S-Stanek’s Window and S-Baade’s Window have 〈µl〉
profiles with increasing amplitude away from the galactic centre,
and have similar peak young/old, and a near/far ratio of ∼ 2.
The S-OGLE29 field is at the highest latitude of the BTS













































































S -Stanek’s Window (0.25◦, 2.15◦)
(0.5◦×0.5◦)
ξ = 0.1± 0.25 kpc ·mas yr−1









S -Baade’s Window (1.06◦, 3.81◦)
(0.5◦×0.5◦)
ξ = 0.19± 0.24 kpc ·mas yr−1
nY = 904, nO = 6139
S -OGLE29 (-6.75◦, 4.72◦)
(1.0◦×1.0◦)
ξ = 0.81± 0.22 kpc ·mas yr−1















Field A (6.75◦, 4.72◦)
(1.0◦×1.0◦)
ξ = -0.72± 0.18 kpc ·mas yr−1
nY = 1581, nO = 5505








Field B (11.00◦, 7.00◦)
(2◦×2◦)
ξ = -0.4± 0.13 kpc ·mas yr−1
nY = 2603, nO = 3630
6 7 8 9 10
D [kpc]
Field C (0.00◦, 7.00◦)
(2◦×2◦)
ξ = 0.49± 0.19 kpc ·mas yr−1
nY = 1650, nO = 11758
6 7 8 9 10
D [kpc]
Figure 8. Top Left: The positions of the six fields of interest within the model’s bulge from the heliocentric perspective. The coloured squares correspond to the
sizes used in our simulated fields to capture enough star particles. Black contours follow the log density of all bulge stars. Top Right: The six fields of interest
presented in a top-down view of the model’s bulge. The bar major axis is indicated by the dashed line. Black contours follow the log density of all bulge stars.
Bottom: Average longitudinal proper motion rotation curves and the separation for the fields of interest. The field names and FOV are labelled at the top right.
The number of star particles in both populations is also listed along with the calculated separation amplitude, ξ .
ξ > 0. This field has a different separation profile: while the rotation
curve of the old population remains similar to those previously
described, the rotation curve of the young stars crosses the 〈µl〉 = 0
line beyond 8 kpc. The minimum separation between the young
and old population occurs in the furthest distance bins. We can
understand this behaviour by referring back to the top row Fig. 5.
Along longitude l ≈ −7◦ the nearest distance bins pass through
the region where young stars have high positive 〈µl〉 values, where
they are streaming at high velocity along the bar edge. The direction
of the velocity here is closer to perpendicular to the LOS, which
results in the higher 〈µl〉 peak. At the furthest distance bins, we are
observing the far end of the bar. The direction of the velocities here
are angled more closely parallel to the LOS; therefore, younger stars
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in the same region. This results in a ξ value larger than the other
three BTS fields.
We define Field A to explore the asymmetry in ξ. Its location
is mirrored across the minor axis from the S-OGLE29 field, at the
same latitude and with the same FOV, within a region where ξ < 0.
Again the old stars have a rotation curve of increasing 〈µl〉 from the
galactic centre. The young stars in this field show little separation in
the nearest and furthest distance bins. However, at 7.5 kpc, the young
population’s rotation curve crosses the 〈µl〉 = 0 line and decreases
to negative 〈µl〉 more steeply than the older stars, and converges
to that of the older population beyond 9 kpc. At this longitude, the
nearest distance bins are within the central bar region, but beyond
∼ 8 kpc the LOS passes through the far edge of the bar, where stars
are streaming towards negative longitude. Both the S-OGLE29 field
and Field A demonstrate the effect of observing the proper motions
of an angled bar, which we explore further in Section 5.
Field B also explores an area where ξ < 0 but at larger latitude
and longitude. At these higher latitudes, eξ is larger due to the
limited vertical extent of the young population, requiring us to
increase the field size considerably. A largely linear profile is seen
in both young and old population rotation curves. However, between
8 and 9 kpc the young population deviates to more negative 〈µl〉,
similar to Field A. We attribute this deviation to the same effect
discussed for Field A, but the separation is smaller here due to being
located further away from the minor axis and at higher latitude.
Field C covers a region of high latitude on the minor axis.
We see an anti-symmetric profile similar to the S-SWEEPS field;
however the young stars have a flatter profile away from the galactic
centre. The young stars still have a higher amplitude 〈µl〉 with a
steeper gradient through the galactic centre. The central bins have
very few young stars, since the young population is peanut shaped.
The ξ value is much larger here due to the effect of perspective.
5 PROJECTION OF INTRINSIC VELOCITIES
The rotation curves of the S-OGLE29 field and Field A demonstrate
the clear effect of a non-axisymmetric structure within the bulge
region. To illustrate how the galactocentric radial and tangential
velocities project onto the observed longitudinal proper motions we
now project each galactocentric velocity component individually
onto l̂, the unit vector in the direction of increasing longitude, i.e.
the tangential direction to the LOS from the Sun. Lines parallel
to l̂ follow concentric circles centred on the Sun. As these velocity
projections are position dependent, not all regions of high amplitude
galactocentric velocity contribute to large proper motions.
We present the projections onto l̂ in the (X,Y ) plane in Fig. 9.













where α ≈ 0.210 kpc s km−1 and φ is a star’s cylindrical polar angle





contributes to 〈µl〉 of both the young and
old populations as seen in panel (a) and (b) of Fig. 9. In an axisym-
metric disc, this would be the only contribution to 〈µl〉 because




contribution to the old population’s proper
motions, shown in Fig. 9(b), has a distribution not much different
from that of an axisymmetric disc. Conversely the young population














distribution as deviations of the velocity
contours from being parallel to l̂. In an axisymmetric system, the
general trend of increasing velocity dispersion of stellar populations





, with no contribution from 〈vR〉. However, a stationary










as seen in the bottom left panel of Fig. 9. Moreover the
orientation of the MW’s bar is such that two of the regions of large
〈vR〉 project almost perfectly into the l̂ direction, at positive lon-
gitude on the near side and at negative longitude on the far side
of the galactic centre. In these regions, the observed longitudinal
proper motion has a strong contribution from 〈vR〉. The other two
high amplitude 〈vR〉 regions lie at |l | . 20◦ and therefore 〈vR〉 in
these regions projects only a small component in the l̂ direction.





contribute to the total 〈µl〉 with opposite sign to the〈
µl,φ
〉
for the young population. For example, the peak of negative
〈vR〉Y centred near (X,Y ) = (−0.5, 0.5) kpc in panel (c) is within




Y in panel (a). The old population has
everywhere relatively low 〈vR〉; therefore, its longitudinal proper




. The young population,
having a strong bar, has a strong quadrupolar 〈vR〉. Consequently
the effect of the bar will be most evident in the kinematics of the
young population in the regions where |〈vR〉| peaks.





the 〈µl〉 rotation curves give rise to interesting behaviours. We now
demonstrate how these two components project onto the rotation
curves of the S-OGLE29 field and Field A. In the left panel of




component of both populations





Y provides a substantial negative contribution slightly





; as a result, the total 〈µl〉Y for Field A
(black line) crosses 〈µl〉 = 0 at ∼ 7.5 kpc. Therefore the radial
contribution leads to a sign reversal in the proper motions of young
stars and a rotation curve with ‘forbidden’ velocities. We term non-
zero velocities at the galactic centre as forbidden because theywould
not be present in an axisymmetric system. Our usage echos the use
of the term for describing gas kinematics at the Galactic centre (e.g.
Weiner & Sellwood 1999).
The young stars in the S-OGLE29 field also have a rotation
curve with forbidden velocities but with a sign reversal from neg-
ative to positive. The radial contribution comes somewhat beyond




component is negative, and the
〈vR〉 velocities are positive. The total 〈µl〉Y rotation curve crosses
〈µl〉 = 0 at ∼ 8.25 kpc.
The young stars in both of these fields reverse the sign of
their proper motions due to the contribution of the radial veloc-
ity. The age dependence of bar strength and their resulting velocity
profiles demonstrated above are a prediction of kinematic fractiona-
tion, where younger populations with lower initial in-plane random
motions are less vertically heated, form a stronger bar and a more
peanut-shaped bulge (Debattista et al. 2017).
5.1 Quantifying the effect of kinematic fractionation
We now develop a second metric to quantify the signature of kine-
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Figure 9. Projections of the galactocentric intrinsic velocities onto µl in the (X,Y) plane for star particles at 0.5 < |z |/ kpc < 1.0. The left column presents the





proper motions, the bottom row shows the projection of galactocentric radial velocities 〈vR 〉 onto longitudinal proper motions. Yellow contours follow log
densities of the corresponding population. Black contours indicate where each velocity component equals zero. White circular dashed lines outline distances
6 kpc, 8 kpc and 10 kpc, while the white straight dashed lines mark longitudes between 20◦ to −20◦ in 10◦ intervals. The observer is at X = −8 kpc in this
figure.
observations with highly accurate distance determinations. We de-
fine a large spatial bin located at D = 8 kpc with a width of 1 kpc,
allowing for larger distance uncertainties, then calculate the differ-
ence in 〈µl〉 between the young and old populations, i.e.
δµl = 〈µl〉Y,8 kpc − 〈µl〉O,8 kpc. (6)
Large positive values of δµl correspond to rotation curves where the
young population have larger positive 〈µl〉 than the old population
within this central bin, which are forbidden velocities at negative
longitude. We use δµl to measure forbidden velocities in the bulge
whilst also taking into account the expected observational distance
uncertainties. Following from our previous analysis, we expect to
measure positive δµl values in the direction of the OGLE29 field
and negative values in the direction of Field A. We assume every
star in the model is a RC star with absolute magnitude MK = −1.61,
and calculate their apparent magnitudes as we did in Section 2.1 to
more closely approximate observations. We assume extinction to
be uniform across the bulge region for simplicity. Reproducing this
work observationally would rely on extinction corrections being
made for the tracer populations used. We then define the magnitude
range equivalent to 8 ± 0.5 kpc, which is 12.75 − 13.05 mag, a
bin width of 0.3 mag. We present δµl in the (l, |b|) plane in Fig. 11,
under three different assumptions for the distance uncertainty,σmag:
no uncertainty, SWEEPS field uncertainties and RC uncertainties.
For the SWEEPS uncertainties, we assume themetal-rich andmetal-
poor magnitude uncertainties from C18 apply to our young and old
populations respectively, σmag,Y = 0.119 and σmag,O = 0.153. For
the RC uncertainties, we apply the width of the RC distribution, as
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Field A (6.75◦, 4.72◦)
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(dotted lines) to the average longitudinal proper motion rotation curves for young
(blue lines) and old stars (red lines) for the simulated Field A (left panel) and the OGLE29 field (right panel). We plot the sum of the two young components,





line; we thus do not display it. The coloured squares correspond to the field locations indicated in Fig. 8.
uncertainty in δµl , we add in quadrature the 〈µl〉 uncertainty for
the young and old populations.
In the top panel of Fig. 11 we present δµl across the bulge
assuming no magnitude uncertainties. The distribution of δµl has
a left/right asymmetry with negative values for fields l > 0◦ and
positive values at l < 0◦. The peaks in the amplitude of δµl occur
around (|l |, |b|) = (6◦, 5◦). Along the minor axis we expect δµl ∼
0 as there is only a small contribution from galactocentric radial
velocities in this region. Away from the minor axis, close to the
locations of the OGLE29 field and Field A, we find large values
|δµl |. Regions with δµl > 0 are present near the OGLE29 field at
negative longitude, while regions of δµl < 0 surround a large area
around Field A, at positive longitude. Regions of positive δµl at
high latitude on the minor axis are due to the bin centre being at
a cylindrical radius closer than the galactic centre at this latitude,
worsened by large bin width used.
With increasing distance uncertainties, as in the two middle
panels of Fig. 11, the peaks near (|l |, |b|) = (6◦, 5◦) become weaker,
with smaller δµl values in general. The overall distributions still
retain a left/right asymmetry but with more fields having small δµl
indistinguishable from δµl = 0. In all panels, the negative δµl
region is larger and has higher amplitude than the positive one, due
to the bar’s orientation. In the direction of the OGLE29 field and
Field A typical values of |δµl | > 0.5 mas yr−1 at 8 kpc correspond
to ≈ 20 km s−1 difference in heliocentric tangential velocities.
We present the eδµl map for the RC magnitude uncertainties
in bottom panel of Fig. 11. The variation in eδµl between the three
levels of magnitude uncertainties is minimal and retains the general
trends. Similar to eξ , the eδµl distribution is peanut-shaped with
the region of the largest uncertainty at high latitude on the minor
axis, again because of the lower number of young stars there.
The map of δµl is in good agreement with the map of ξ, in as
much as large separations in velocities are observed in regions away
from theminor axis.Wehave demonstrated here that large amplitude
values of δµl are a result of rotation curves with forbidden velocities
(see Fig. 10), which are the result of radial velocity contributions
from bar supporting orbits.
6 COMPARISONWITH AWEAKER B/P MODEL
We briefly explore a second model (hereafter Model 2) which forms
a bar later in its evolution; the bar is weaker and produces a weaker
B/P bulge than the fiducial model. The initial conditions from Sec-
tion 2 remain the same; however Model 2 has different subgrid
physics and forms a bar of length ∼ 2.5 kpc between 4 − 6 Gyr
(versus ∼ 3 kpc, forming at 2 − 4 Gyr). To directly compare with
the fiducial model, we scale and align Model 2 following the same
procedures outlined in Section 2.1 but with a spatial scaling factor
of 2 instead of 1.7. Owing to the stochasticity inherent in bar evo-
lution (Sellwood & Debattista 2009), the two bars do not evolve in
the same way. The bar length at 10 Gyr in Model 2 after scaling is
rbar = 4.80 ± 0.90 kpc, and the double RC appears only weakly
at |b| = 6◦ as a result of its more limited B/P growth compared to
the fiducial model. We plot the radial profiles of the m = 2 Fourier
moment amplitude and phase along with the evolution of the global
bar amplitude for both models in Appendix A. The cumulative dis-
tribution of ages within Model 2’s bulge reveals that it has a lower
star-formation rate at the beginning of the simulation; our cut of
old stars at age > 9 Gyr therefore represents a smaller fraction of
the bulge population. The selection of young stars (age < 7 Gyr)
samples a higher fraction of stars born before and during the forma-
tion of the bar (85%), which lowers the overall bar strength of this
population.
We measure our metrics of kinematic separation, ξ and δµl ,
across the bulge of Model 2, which we present in Appendix A.
Our measurements show the same global trends as in the fiducial
model. The map of ξ is asymmetric about the minor axis with
ξ < 0 at positive longitudes and ξ > 0 at negative longitudes.
The amplitudes of ξ are lower than in the fiducial model with a
steeper decreasing gradient with increasing latitude. Model 2 has

















































































































Figure 11. Top: The δµl distribution in the bulge region defined as the difference in 〈µl 〉 between the young and old populations at ∼ 8 kpc. Middle top: The
same as above but with young and old stars apparent magnitudes convolved with C18 uncertainties of σmag,Y = 0.119 and σmag,O = 0.153. Middle bottom:
The same as above but with both populations convolved with the width of the RC, σmag,RC = 0.17. Bottom: The calculated error for each field when applying
the RC magnitude uncertainties.
peanut-shaped. The map of δµl also matches the general trends
of the fiducial model’s with a left-right asymmetry, δµl < 0 at
positive longitude and δµl > 0 at negative longitude but also has
generally lower amplitude values. The eδµl distribution is also more
box-shaped.
We present a comparison of each model’s rotation curves for
the simulated S-SWEEPS and S-OGLE29 fields along with Field
A and Field C in Fig. 12, where now we have used magnitude
bins of 0.3 mag. instead of distance. We use the magnitude range
equivalent to span 5.75 − 10.25 kpc to present predictions of ξ
and δµl simultaneously for these key fields (i.e. δµl is the 〈µl〉
difference in the central bin at 12.9 mag.). This also allows us to
test our metrics using a methodology closer to MW observations. ξ
and δµl for these fields are shown in Table 1.
Although now binning inmagnitude, the rotation curve profiles
in both models qualitatively match those presented in Fig. 8. Here
we discuss only the differences between the two models.
In the S-SWEEPS fields, the amplitudes of 〈µl〉 are lower for
both the young and old populations in Model 2 than the fiducial
model. However, considering the separation profile, Model 2 has
similar separation on the near side but has weaker separation beyond
the galactic centre resulting in a larger ξ value. As expected for a





























































Field C (0.00◦, 7.00◦)
(2.0◦×2.0◦)

























S -OGLE29 (-6.75◦, 4.72◦)
(1.0◦×1.0◦)
12.3 12.6 12.9 13.2 13.5
mK [mag]
Figure 12. Average longitudinal proper motion rotation curve for young and old stars, and the separation between them using magnitude bins for four key fields
in the bulge. The rotation curves and separation from the fiducial model are plotted as dotted lines whereas Model 2 is plotted as solid lines. The field name,
location and FOV are labelled in the top right of each panel. The coloured squares correspond to the field locations indicated in Fig. 8.
Field Model ξ eξ δµl eδµl
S-SWEEPS Fiducial 0.005 0.091 -0.073 0.068
S-SWEEPS Model 2 0.188 0.093 -0.065 0.084
Field C Fiducial 0.217 0.055 0.435 0.293
Field C Model 2 0.117 0.037 0.295 0.118
Field A Fiducial -0.177 0.064 -0.776 0.192
Field A Model 2 -0.092 0.068 -0.322 0.111
S-OGLE29 Fiducial 0.245 0.076 0.439 0.183
S-OGLE29 Model 2 0.226 0.076 0.398 0.117
Table 1. Calculated values of ξ and eξ (with units of kpc · mas yr−1), δµl
and eδµl (with units ofmas yr
−1) for the simulated S-SWEEPS, S-OGLE29,
Field A and Field C in the fiducial model and Model 2.
Field C in Model 2 also has lower 〈µl〉 amplitudes. The old
population rotation curves in the two models overlap each other.
However, there is a large difference between the rotation curves of
the young populations in the two models: in the fiducial model the
rotation curve is steeper at the galactic centre. Model 2 also has
lower separation in the nearest bins resulting in a lower ξ. Field C is
at a large latitude on the minor axis and as a result there is a small
perspective effect contributing to δµl . At this latitude, the central
(8 kpc) bin is located in front of the galactic centre by ∼ 0.16 kpc,
which results in both populations crossing the 〈µl〉 = 0 line beyond
the central bin, and thus a positive δµl results. This effect is also
seen in the bottom right panel of Fig. 8.
Field A in both models has similar rotation curves with the
main difference being in the degree of deviation into forbidden
velocities. Model 2 has lower separation at the central bin resulting
in lower ξ and δµl values. The two models differ very little in the
S-OGLE29 field, with a slightly larger δµl in the fiducial model.
The combined effects of later bar formation and the weaker bar
and B/P in Model 2 result in longitudinal proper motion rotation
curves that are qualitatively similar in profile but have lower separa-
tions and forbidden velocities as measured by both the ξ and the δµl
metrics. Thus the separation amplitudes and the global trends of ξ
and δµl provide important information on the relative bar strength
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7 DISCUSSION
Kinematic differences between different populations in the Milky
Way’s bulge have been explored in many studies. Metallicity is most
often used to separate bulge stellar populations. Metal-rich bulge
stars typically have higher radial velocity dispersion than metal-
poor stars (Rich 1990; Sharples et al. 1990; Minniti 1996) and the
metal-poor population has a shallower velocity dispersion gradi-
ent with latitude (Ness et al. 2013a,b, 2016; Zoccali et al. 2017).
Observations at Baade’s Window have shown that metal-rich stars
have non-zero vertex deviation, whereas that of the metal-poor stars
is nearly zero (Soto et al. 2007; Babusiaux et al. 2010; Hill et al.
2011; Vásquez et al. 2013). Even amongst the (old) RR Lyrae
(RRL), metallicity separates different populations. Du et al. (2020)
and Kunder et al. (2020) found that metal-rich RRL trace a (weak)
bar and have angular velocities slightly larger than metal-poor RRL,
which do not trace any bar. Populations can also be separated by their
α-abundance. Queiroz et al. (2020) explored the chemo-dynamics
of the bulge using APOGEE andGaia data. They found two distinct
components when considering the vφ vs Galactocentric radius dis-
tribution. One component is a low-α population with high rotational
velocities and the other has high-α concentrated at small radii and
with near-zero or negative vφ . However the single chemical track of
the bulge implies that separating populations by the α−abundance
is similar to separating by metallicity.
In summary, these observational results point to stronger barred
streaming motions in metal-rich stars, which is borne out by models
and simulations (Portail et al. 2017; Debattista et al. 2020). How-
ever the origin of each component within the bulge is still a matter
of debate. Whilst it is possible for (part of) the metal-poor com-
ponent to be a classical bulge formed through mergers, most of
it may also have formed in-situ. Indeed, using the same fiducial
model as here, Debattista et al. (2017) showed that the velocity dis-
persions of stars separated by age qualitatively match the above
trends in the ARGOS data provided a halo-like population was
added to the very oldest, most metal-poor stars. Observationally
stars with metallicity [Fe/H] < −1 represent only ∼ 5% of all bulge
stars (Ness & Freeman 2016), with no more than 1/3 of stars with
metallicity [Fe/H] ≤ −0.8 potentially being an accreted popula-
tion (Horta et al. 2021). Recent studies of zoom-in simulations of
MW-like galaxies by Fragkoudi et al. (2020) suggest that the bulge
contains a negligible fraction of accreted stars (see also Buck et al.
2019). Isolated simulations also showed that such a component
could not be larger than ∼ 8% of the disc mass (Shen et al. 2010).
An efficient way to probe the kinematics of bulge stellar pop-
ulations as a function of distance was presented by Clarkson et al.
(2018) (C18) for a sample of just under ten thousand main-sequence
stars in a deep HST field combining SWEEPS and BTS data. Sepa-
rating these by relative photometric metallicity, C18 produced lon-
gitudinal proper motion rotation curves of “metal-rich” and “metal-
poor” samples. They found that metal-rich stars have larger am-
plitude longitudinal proper motions. In this paper we have simu-
lated the SWEEPS+BTS field (S-SWEEPS) using an isolated, star-
forming model scaled to approximate the MW. Our young and old
populations match the trends of the MWmetal-rich and metal-poor
main-sequence stars in as much as the young (metal-rich) stars hav-
ing a larger amplitude 〈µl〉 along the LOS than the old (metal-poor)
ones. The amplitude between the young and old populations differs
by roughly a factor of 2, in good agreement with the observations
of C18. Thus we conclude that the trends in the rotation curves
of the bulge can be reproduced without the need for an accreted
population.
To help prepare for future studies, we have quantified the differ-
ence between the rotation curves of the two populations by defining
a separation amplitude, ξ, as the sum of the difference between av-
erages of longitudinal proper motion in distance bins along a line
of sight. We have demonstrated, using Monte Carlo resampling to
account for distance and velocity uncertainties, that ξ is similar
between our model and the SWEEPS+BTS C18 data, despite the
differences in sample selection between the model and observa-
tions. We have measured ξ across the entire bulge region covering
|l | ≤ 20◦, 2◦ ≤ |b| ≤ 10◦ and 6 ≤ D/ kpc ≤ 10. Both the distri-
bution of ξ within the bulge and the rotation curves of key fields
indicate that the rotation curve profiles change with longitude and
latitude. We interpret these variations as differences in the intrinsic
velocity distributions of the two populations.
The galactocentric cylindrical velocities of (relatively) young
stars match the expected signature of stars on strongly barred orbits;
in contrast, the old stars trace a weaker bar. Here we have selected
stars based on their age. While not a perfect match for metallicity,
our results suggest that the bar should be more metal-rich than the
rest of the bulge population. The different velocity profiles reflect
the underlying density distributions and relative bar strengths of the
populations. Recent studies have indeed shown that the bar is more
metal-rich than the off-bar regions (Wegg et al. 2019; Queiroz et al.
2020) (but see Bovy et al. 2019, for a different view).
We have studied how the intrinsic velocities of stars on bar
orbits project onto longitudinal proper motions by considering the
radial as well as tangential velocity components separately in both
galactocentric and heliocentric coordinates. We find, in the young
population, regions of high galactocentric radial velocities in the
(X,Y ) plane as a quadrupole rotated by∼ 45◦ relative to the bar axes.
With the MW bar inclination angle of ∼ 27◦, two of these regions
project onto longitudinal proper motions at lines-of-sight away from
the minor axis (|l | ≈ 6◦). Fields which intersect these regions have
rotation curve profiles quite different to those of the SWEEPS field
and other fields on the minor axis. The galactocentric radial velocity
contribution is in the opposite direction to the contribution from the
galactocentric tangential velocity, resulting in a rotation curve with
"forbidden velocities": negative 〈µl〉 at positive longitudes, and
positive 〈µl〉 at negative longitudes. The S-OGLE29 field is one
such case, and as a result, the young stars have a rotation curve
that changes sign (crosses the 〈µl〉 = 0 line) beyond 8 kpc. The
old population shows no such deviations as a result of much lower
galactocentric radial velocities produced by their weaker bar. Since
the forbidden velocities would not be present in an axisymmetric
system, they are the best probe of the variation of the bar strength.
Thus theminor axis is not the ideal probe of the bar in proper motion
rotation curves.We have analysed only two barmodels; therefore we
defer a deeper quantification of the relationship between intrinsic
kinematics and bar strength to a future study.
7.1 Future prospects
Wehave predicted the lines-of-sight which have rotation curveswith
large galactocentric radial velocity contributions acting in opposi-
tion to galactocentric tangential velocity in the same region, result-
ing in forbidden velocities. These regions provide clear indications
of kinematic differences due to a stronger bar in the relatively young
populations.We consider the difference in velocities betweenmodel
young and old stars within a magnitude bin equivalent to 1 kpc at
R = 8 kpc, denoted as δµl , assuming the stars have fixed abso-
lute magnitude. We find regions centred near (|l |, |b|) = (6◦, 5◦)
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itive longitude (owing to the bar orientation). These would be very
fruitful targets for future observations.
The predictions in this study provide a framework for the ob-
servational testing of evolutionary pathways of the MW bulge and
bar, such as the time of bar formation. While the separation of pop-
ulations in these models has used stellar ages, a similar separation
can be achieved in chemical ([Fe/H]) space, as demonstrated in the
SWEEPS field by C18. The remaining HST-BTS fields offer an op-
portunity to test the predictions in Fig. 8 and Fig. 12. Proper motions
are publicly available for the remaining fields, and we plan to use the
same method adopted by C18 for the SWEEPS field to determine
the photometric metallicity and distances for main sequence stars
in the OGLE29, Stanek’s and Baade’s windows (Clarkson et al. in
prep). The derived rotation curves for populations split by metallic-
ity will be compared to those in this paper for the relatively young
and old stars. The comparison of the OGLE29 window would be
the most critical test of the results presented here as it has a distinct
rotation curve profile with forbidden velocities. Although we find
stronger signals at positive longitude in field A (see Fig. 11), the
OGLE29 field presents an opportunity to test our predictions with
data already available.
The Nancy Grace Roman Space Telescope (RST) promises to
provide high precision astrometry for ∼ 100 million stars within the
bulge (WFIRST Astrometry Working Group et al. 2019). A shal-
low, multi-epoch survey with RST directed at the key fields identi-
fied in this paper would be very useful to constrain the bulge/bar
rotation curves. On the other hand, an All-Sky near-IR astrometric
space mission (GaiaNIR, Hobbs et al. 2021) would provide homo-
geneous proper motions, parallaxes, and NIR magnitudes down to
the Main Sequence Turn-Off (MSTO) in regions close to Galactic
plane, thus facilitating the study of proper motion rotation curves
as presented in this work, as probes for the formation of the bulge,
and its dynamical evolution.
Future ground-based spectroscopic surveys (e.g. APOGEE-
2, MOONS, 4MOST) (Zasowski et al. 2017; Gonzalez et al. 2020;
Bensby et al. 2019) will collect high-resolution spectra for millions
of bulge red giant stars, measuring metallicity, elemental abun-
dances and radial velocities. These large samples, when combined
with the 2D motions from extensive photometric surveys such as
VVV and Gaia, have the potential to facilitate the investigation of
rotation curves of chemically distinct populations. It is thus critical
that surveys deliver sufficiently large samples in key lines-of-sight
for the measurement of statistically significant kinematic separa-
tions, after decomposing in chemical and distance space.
The Vera C. Rubin Observatory / LSST has the potential to
produce a one-of-a-kind synoptic dataset to test the predictions
presented in this study. In particular, a multi-epoch survey of the
Galactic bulge region, deep enough to reach the MSTO, would
provide the ideal dataset to measure both ages and proper motions
(Gonzalez et al. 2018, LSST bulge white paper) and apply themeth-
ods used here. A key output of LSST data would be a homogeneous,
wide-field map of these properties (similar to the map in Fig. 4 and
Fig. 11). This ‘definitive map’ would allow us to characterise the
morphologies of different stellar populations of the bulge and bar in
unprecedented detail, answering fundamental questions about the
formation of the MW bar.
7.2 Summary
We summarise our main conclusions as follows:
(i) We have shown that the longitudinal proper motion rotation
curves of old and (relatively) young stars are distinct, with the
rotation curves of young stars generally having larger amplitudes.
Our results are in agreement with observations of the SWEEPS field
within the MW, which showed that the metal-rich population has a
higher amplitude proper motion rotation curve than the metal-poor
one (Clarkson et al. 2018). This result does not require the presence
of an accreted population (See Section 3.)
(ii) We have presented maps of the intrinsic kinematics of each
population to help understand the observations. The galactocentric
cylindrical velocities of young stars are consistent with bar aligned
orbits, in contrast to the nearly axisymmetric velocity distributions
of old stars, which reflect their respective underlying density dis-
tributions. We demonstrate how the intrinsic velocities project onto
longitudinal proper motions. Large galactocentric radial velocity
contributions (in the young populations) produce rotation curves
with forbidden velocities, which would not be present in an axisym-
metric system. (See Section 3.2.)
(iii) We have defined two metrics to quantify the difference be-
tween the rotation curves of young and old populations, and predict
their variation across the bulge. We show that the rotation curves
of young and old populations in fields which intersect the bar away
from the minor axis have non-antisymmetric separation profiles.
These effects are due to the large galactocentric radial velocities of
young stars which, along these lines-of-sight, project into forbidden
proper motions. (See Sections 3.1 and 5.1.)
(iv) We have demonstrated that the rotation curve separations
can be explained by the distinct kinematics of populations sepa-
rated by an evolving bar, as predicted by kinematic fractionation
(Debattista et al. 2017), without the need for an accreted compo-
nent. However rotation curve separation would also naturally be
present in an axisymmetric system because of the increasing asym-
metric drift with population age. Therefore it is the longitudes with
forbidden velocities which probe the variation of the bar’s strength
with age. (See Section 5.)
(v) Finally we present predictions of our two metrics and the
profiles of rotation curves for key fields within the MW Bulge (see
Section 6). These will allow for follow-up study withHST-BTS data
(Clarkson et al. in prep) along with future survey missions such as
RST and LSST. We recommend deep observations of fields away
from theminor axis, close to the regions of (|l |, |b|) = (6◦, 5◦)where
we have demonstrated rotation curves have forbidden velocities.
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Figure A1. Top: The radial profile of the A2 Fourier amplitude at time
t = 10 Gyr of the fiducial model and Model 2. Bottom: The change in
phase angle of the m = 2 mode with radius at t = 10 Gyr. Vertical green
lines indicates where A2 reaches its half maximum value and |∆φ | > 10◦
for each model. Averaging these two values results in bar radial extents of
4.85 ± 0.55 kpc and 4.80 ± 0.90 kpc for the rescaled fiducial model and
Model 2 respectively.
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APPENDIX A: SEPARATION OF KINEMATICS IN
MODEL 2
Here we present the properties of Model 2, a simulation with the
same initial conditions to our fiducial model but different subgrid
physics to those outlined in Section 2.1. The following figures com-
pare the properties of the bar and bulge populations of Model 2 with
those of the fiducial model. We also present the equivalent maps of
our ξ and δµl metrics for Model 2.
This paper has been typeset from a TEX/LATEX file prepared by the author.












Figure A2. The global bar amplitudes of the fiducial model and Model 2
versus time. The major growth period for the fiducial model is between 2
and 4 Gyr, and 4 and 6 Gyr for Model 2.

















2◦ ≤ |b| ≤ 10◦
5.75 ≤ D/kpc≤ 10.25
Figure A3. The cumulative distribution of ages within Model 2’s bulge
region, defined at top left, and our definition of the young (blue) and old
population (red). The average age for the two populations (vertical black
















Figure A4. Unextincted apparent magnitude distributions of simulated red
clump stars along theLOSwithin |l | < 4◦ for |b | = 4◦ (left), 5◦ (middle) and
6◦ (right) with δ |b | = 0.25◦ in Model 2. Young (age < 7 Gyr) and old (age
> 9 Gyr) stars are represented by the blue and red histograms, respectively.
The magnitude distributions have been convolved with a Gaussian of width
σ = 0.17 mag. to represent the width of the red clump. In the fiducial model
(Fig. 2) a bimodality is first evident at |b | ' 5◦ whereas in Model 2 the



























































































Figure A5. Top: Density distribution of bulge stars in Model 2. Blue and red contours follow young and old population densities, respectively. Middle:
Separation amplitude, ξ , for each pixel representing a 1◦ × 1◦ field. Bottom: Model uncertainty on the separation amplitudes for each field. In the bottom two

















































































































Figure A6. Top: The δµl distribution in the bulge region of Model 2 defined as the difference in 〈µl 〉 between the young and old populations at ∼ 8 kpc.
Middle top: The same as above but with young and old stars apparent magnitudes convolved with C18 uncertainties of σmag,Y = 0.119 and σmag,O = 0.153.
Middle bottom: The same as above but with both populations convolved with the width of the RC, σmag,RC = 0.17. Bottom: The calculated error for each field
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